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Abstract EarthScope's USArray Transportable Array has shortcomings for the purpose of interpreting
geologic features of wavelengths less than the Transportable Array station spacing, but these can be
overcome by using higher spatial resolution gravity data. In this study, we exploit USArray receiver
functions to reduce nonuniqueness in the interpretation of gravity anomalies. We model gravity anomalies
from previously derived density variations of sedimentary basins, crustal Vp/Vs variation, Moho variation,
and upper mantle density variation derived from body wave imaging informed by surface wave tomography
to estimate Vp/Vs. Although average densities and density contrasts for these seismic variations can be
derived, the gravity anomalies modeled from them do not explain the entire observed gravity anomaly ﬁeld
in the United States. We use the unmodeled gravity anomalies (residuals) to reconstruct local variations
in densities of the crust associated with geologic sources. The approach uses velocity‐density relationships
and differs from density computations that assume isostatic compensation. These intracrustal densities
identify geologic sources not sampled by and, in some cases, aliased by the USArray station spacing. We
show an example of this improvement in the vicinity of the Bloomﬁeld Pluton, north of the bootheel of
Missouri, in the central United States.
1. Introduction
The EarthScope program has led to signiﬁcant advances in geophysical understanding of seismic velocity
and electrical resistivity variations in the crust and upper mantle of the United States and their implications
for Earth history and dynamics (e.g., Bedrosian, 2016; Liu & Hasterok, 2016; Long et al., 2016; Love et al.,
2016; McGlannan & Gilbert, 2016; Porter et al., 2016; Schmandt et al., 2015; Shen & Ritzwoller, 2016).
Within the footprint of the seismic experiment, USArray's Transportable Array (TA), this has led to better
understanding of seismic velocity variations at a spatial resolution of ~70 km and ﬁner resolution where
the spacing was supplemented with Flexible Arrays targeting particular geologic problems (e.g., Yang
et al., 2017). The TA has produced estimates of variations in crustal and upper mantle Vp/Vs and impedance
structure through receiver function analysis (Frassetto et al., 2011; Levin et al., 2016; Lowry & Pérez‐
Gussinyé, 2011; Ma & Lowry, 2017; Miller et al., 2014; Parker, 2013; Pollitz & Mooney, 2016; Stanciu
et al., 2016; Tape et al., 2012; Thurner et al., 2015; Yeck et al., 2013; Yuan et al., 2010), crustal imaging from
other seismic observables (Kiser et al., 2016; Schmandt et al., 2015), and variations in the upper mantle using
Rayleigh wave and body wave tomography (Biryol et al., 2016; Buehler & Shearer, 2016, 2017; Nyamwandha
et al., 2016; Schmandt & Humphreys, 2010; Schmandt & Lin, 2014; Workman et al., 2017).
Seismic investigations are primarily sensitive to velocity, which have well‐established ambiguities introduced by source‐receiver sampling of the Fresnel zones sensed by the waves (Heeszel et al., 2016; Savage
et al., 2016). These ambiguities can be mitigated by combining with variations in the gravity ﬁeld that arise
from lateral density variations, owing to various physical state properties that correlate rock density and
elastic properties. In the western United States, Lowry and Pérez‐Gussinyé (2011) showed that the
trade‐off between the crustal seismic Vp/Vs and the crustal thickness can be reduced signiﬁcantly by constraining automated receiver function analyses (Crotwell & Owens, 2005; IRIS DMC, 2010) with gravity
anomalies and that one could also derive the average density contrast at the Moho, the mean derivative of
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Figure 1. Gravity observations in the central and eastern United States from the Pan‐American Center for Earth and
Environmental Studies (PACES). Most tectonic boundaries are from Whitmeyer and Karlstrom (2007); the
Midcontinent Rift System is a modiﬁed version of Van Schmus and Hinze (1985).

density with respect to Vp/Vs in the crust, and the coefﬁcient of thermal expansion leading to the gravity
anomalies from lateral density variations due to temperature variations in the Earth's crust and mantle.
Over the last century, gravity variations of the Earth have been investigated globally from a large variety of
platforms (ground, airborne, marine, and satellite) for diverse applications to environmental, geological and
geophysical problems. In regional ground gravity surveys in the United States, station spacing varies from
hundreds of meters to a few tens of kilometers, but since these data represent a continuous potential ﬁeld,
they can be gridded at average spacing of 6–10 km or less depending on the region. The denser sampling
by gravity observations permits investigation of smaller‐scale geological features including sedimentary
basins, igneous plutons, salt domes, stratigraphic variations, and Moho variations at scales that are
unsampled (e.g., the Great Lakes and offshore regions) or aliased by the 70 km TA spacing. Because the nonuniqueness inherent in interpretation of gravity anomalies is reduced signiﬁcantly by EarthScope seismic
data, we show in this paper that combining the strengths of the two methods and their data sampling leads
to more realistic density contrast variation and ﬁrst‐order improvement in estimates of the compositional
variation of the Earth's crust in the midcontinent region of the United States (Figure 1).

2. Methods and Data Sets
Velocity‐density relationships in the Earth's lithosphere are affected by several factors including chemistry,
mineralogy, pressure, temperature, and partial melting states (Barton, 1986; Brocher, 2005; Christensen &
Mooney, 1995; Ludwig et al., 1970; Ravat et al., 1999). The variation of these factors with chemistry, for
example, is reﬂected in an opposite sign of the relationship of Vp/Vs to density for crustal and mantle rocks
(Figure 2). There is signiﬁcant scatter in the measurements and, thus, a single Vp/Vs‐density relationship
may not be applicable even in a single lithospheric setting and may require regional modiﬁcations.
In this study, we begin with κc (deﬁned as the crustal Vp/Vs) and crustal thickness in the central and eastern
United States (Figure 3) derived from the method of Lowry and Pérez‐Gussinyé (2011), which improves
upon the Vp/Vs and crustal thickness estimated by the EarthScope Automated Receiver Survey (EARS) by
using constraints from gravity anomalies. These are supplemented with CRUST1.0 (Laske et al., 2012) crustal thickness estimates outside the USArray footprint. The seismic imaging does not take into account other
crustal and upper mantle interfaces because that requires additional information not included in single‐layer
ZHANG ET AL.
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Figure 2. Average densities versus average Vp/Vs for various rock measurements. The black line shows the crustal com3
positional density parameter, ∂ρ/∂(Vp/Vs) = 460 kg/m , estimated by Lowry and Pérez‐Gussinyé (2011) in the western
United States. The blue line indicates a derivative initially used to convert upper mantle Vp/Vs to density for testing in this
study. The dashed red ellipse encompasses unaltered mantle rocks. Filled circles and inverted triangles are data from Ji et
al. (2002) and Wang et al. (2013), respectively.

H‐κ receiver function stacks afforded by EARS (e.g., Ma & Lowry, 2017). Since sedimentary basins could
contribute signiﬁcantly to gravity anomalies, we calculate basin anomalies (Figure 4) combining basin
thickness estimates from several sources (Ellett & Naylor, 2016; Hinze et al., 1982; Laske et al., 2012;
Mooney & Kaban, 2010) with basin density‐depth variations suggested by Mooney and Kaban (2010). We
also model the gravity effect of mantle density variations using dVp and dVs variations from Schmandt
and Lin (2014). To model the gravity effects, we require the Moho density contrast, ΔρMoho, and partial
derivatives of density with respect to the crustal Vp/Vs (κc),

dρ
dκc ,

and the upper mantle Vp/Vs (κm),

dρ
dκm .

It is

possible to estimate ﬁrst order conversion parameters in the crystalline crust and the uppermost mantle
from relationships of the seismic properties to gravity anomalies.
The EarthScope USArray spacing imposes limitations on the EARS‐derived Vp/Vs and crustal thickness.
Narrow features with <70 km width are inadequately sampled or aliased in places, including the
Midcontinent rift (Figure 1, with the western arm through Lake Superior and the states of Wisconsin,
ZHANG ET AL.
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Figure 3. Gravity‐constrained (a) crustal Vp/Vs and (b) crustal thickness from the method of Lowry and Pérez‐Gussinyé (2011), combined with global crustal
thickness from Laske et al. (2012) in regions not sampled by USArray. The black crosses show locations of stations in the EARS data product. WUS and CEUS
indicate western United States and central and eastern United States, respectively. (c) The Moho depth from seismic refraction data (Mooney & Kaban, 2010) where
white crosses indicate the data points. (d) Combined Moho depth from (b) and (c). See text for details.

Minnesota, Iowa, and Kansas, and the eastern arm through Michigan), Southern Oklahoma aulacogen,
Proterozoic sutures like the Grenville Front (through Ontario, Canada, to Lake Erie and states of Ohio,
Kentucky, Tennessee), and small features such as igneous plutons. We examine a prominent example of
aliasing in more detail in the discussion section. Moreover, receiver function imaging is notoriously
error prone in regions with thick sedimentary packages, and high‐velocity basal layers that may be

Figure 4. (a) Sedimentary basin thickness from Mooney and Kaban (2010) over North America (ﬁlled white circles), Ellett and Naylor (2016) high‐resolution (5 km
spacing) data in the Illinois basin region (shown by the black box), the digitized isopach map of the Jacobsville sandstone from Hinze et al. (1982) (shown by
the red polygon over Lake Superior), and the global sedimentary thickness from Laske et al. (2012) (black pluses) over the rest of the region. (b) Gravity anomalies
from the sedimentary basin ﬁll.
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Figure 5. Flow chart of the steps leading up to the calculation of crustal density variation.

present are sometimes misattributed to the mantle. One example occurs in the northernmost Mississippi
embayment, where the Moho lies at a depth of 40–45 km (based on long reversed refraction proﬁles,
Catchings, 1999; Mooney et al., 1983; Yang et al., 2017), but the gravity‐constrained receiver function
imaging estimates crustal thicknesses of 36–38 km, corresponding to the top of a high‐velocity basal
crustal layer (Figure 3c). The seismic refraction sampling is sparse (Figure 3c) but consistent with the
broad features of the gravity‐constrained and corrected Moho depth, and thus, the two data sets can
be combined while honoring refraction results in the regions of disagreement. In our merged Moho data
set, estimates from the method of Lowry and Pérez‐Gussinyé (2011) within 70 km of seismic refraction
observations (Mooney & Kaban, 2010) are removed. We then grid the merged data set to obtain the
“fused” Moho depth (Figure 3d).
We forward model gravity effects layer by layer using the Fourier method of Parker (1973), where we discretize layers at 1 km depth intervals from the surface to the deepest Moho estimate. The remaining upper mantle is modeled from the base of Moho topography to 230 km using Vp/Vs at corresponding depths obtained
from the dVp, dVs from Schmandt and Lin (2014), which are multiplied by the AK135 reference model
(Kennett et al., 1995) before calculating the seismic velocity ratio. To avoid edge effects, all layers have been
extended beyond the USArray receiver function stations by at least 260 km in all directions including the
modeling of oceanic density variations.
Figure 4a depicts the thickness of sedimentary basins from the refraction data from Mooney and Kaban
(2010) over North America augmented with Ellett and Naylor (2016) high‐resolution (5 km spacing)
data in the Illinois basin region, the digitized isopach map of the Jacobsville sandstone from Hinze
et al. (1982) in the Lake Superior region, and the global sedimentary thickness from Laske et al.
(2012) over the rest of the region. The density‐depth curves for six typical geological provinces within
North America from Mooney and Kaban (2010) are used in this modeling. Gravity anomalies produced
by sedimentary basins (Figure 4b) also are modeled using the Fourier method of Parker (1973) and
are substantial.
The major steps of the procedure are illustrated as a ﬂow chart in Figure 5. After calculating the seismic
structure‐derived and basin models of gravity, “remainder” crustal density variations were calculated from
the residual gravity anomaly (i.e., observed minus forward‐modeled gravity anomalies) by iteratively inverting the Fourier domain gravity anomaly expression within the thickness of the crust using the method of
Caratori Tontini et al. (2008). Their expression for the density is
ZHANG ET AL.
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where all tilded quantities are Fourier transform representations of spatial
variations; ρs = ρ(z1 − z2) is the equivalent surface density of the layer with
density ρ; z0, z1, and z2 are the observation surface and the upper and
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
lower interfaces, respectively; K r ¼ K 2x þ K 2y is the wavenumber; Δg is
the gravity anomaly; G is the universal gravitational constant; n is the
exponent of Taylor series expansion in the Parker method; and Pn‐1 is a
polynomial of degree n − 1. The iterations are carried out until convergence is achieved (Caratori Tontini et al., 2008).

Figure 6. The RMS of the ﬁnal residual after subtraction of the sedimentary
and the Moho gravity model and the correlation coefﬁcient (CC) between
the residual and the modeled gravity anomaly for a range of Moho density
contrasts. The minimum correlation corresponds to the derived Moho density contrast in the study. The procedure is reasonable when the correlation
between the crustal Vp/Vs and crustal thickness is minimal.

3. Estimation of Density Parameters

In principle, the residual between the observed and modeled gravity
anomalies should not correlate with the modeled anomaly, because otherwise different density parameters would better explain the observed gravity anomalies. We do not use density parameters derived from the joint
inversion of seismic and gravity, because that approach used stochastic
inversion for density parameters (Ma & Lowry, 2017), which biases density parameter estimates toward a laboratory measurement‐derived expectation. Since the Vp/Vs‐density
parameters are average parameters from regression over the entire region analyzed, they do not explain
the actual observed variations in the gravity ﬁeld caused by local variations in density. The optimal density
parameters will also differ from those estimated for the joint inversion because this study examines a different region, incorporates crustal thicknesses from seismic refraction data and CRUST1.0, and also uses mantle Vp/Vs as a proxy for mantle density rather than the thermal model described in Ma and Lowry (2017).
Hence, we estimate new parameters that minimize the residual gravity anomaly (i.e., observed minus modeled anomaly) by using the root‐mean‐square (RMS) of the residual gravity.
Using the Vp/Vs‐density relationship for mantle rocks shown by the blue line in Figure 2 results in ΔρMoho ~

dρ
270 kg/m3 and dκ
~ 70 kg/m3 in central and eastern United States, with a residual gravity RMS (55.8 mGal)
c

larger than that of the observed gravity RMS (28.1 mGal) and a high correlation coefﬁcient between the modeled gravity and the residual ﬁeld (−0.92). This implies that the Vp/Vs‐density relationship for mantle rocks
shown in Figure 2 is ill suited to the central and eastern United States. Inspection of the “mantle” rocks in
the velocity‐density relationship in Figure 2 reveals eclogites and serpentinites (hydrated mantle peridotites), which are unlikely to be found in the central and eastern U.S. mantle. Thus, instead of using the
laboratory‐derived mantle Vp/Vs‐density relationship from Figure 2, we chose to determine the mantle
Vp/Vs‐density factor and the Moho density contrast in the following manner. First, we minimize RMS of
the residual gravity to determine the Moho density contrast (refer to Appendix A for details). There is no signiﬁcant correlation between the crustal Vp/Vs and the crustal thickness (see Figures 3a and 3d), and thus,
using the minimum RMS of the residual between the observed and the combined gravity from all other modeled effects to determine the Moho density contrast is reasonable. As shown in Figure 6, the minimum RMS
yields ΔρMoho ~ 110 kg/m3 with a low correlation coefﬁcient (0.03) between the modeled Moho gravity
anomaly and the residual gravity. This value is less than the already‐low Moho density contrasts estimated
by Schmandt et al. (2015) and Ma and Lowry (2017) and much less than the 400 kg/m3 typically estimated for
dρ
continental crust (Christensen & Mooney, 1995; Kende et al., 2017). To estimate the crustal and mantle dκ
c
dρ
dρ
and dκdρm , we use the RMS of the ﬁnal residual for a range of dκ
and dκdρm . The minimum RMS results in dκ
~
c
c

300 kg/m3, and

dρ
dκm

~ 30 kg/m3 (Figure 7). These parameters are signiﬁcantly different for the western

United States as shown in Figure 3, where , ΔρMoho,

dρ
dκc

and

dρ
dκm

are estimated at 70, 1,180, and −100

3

kg/m , respectively. The differences likely reﬂect warmer uppermost mantle (Schutt et al., 2018) and
removal of western U.S. lower crustal garnet phases by hydrous melting (Ma & Lowry, 2017; Schmandt
ZHANG ET AL.
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et al., 2015). The western U.S. relationships were discussed in the study of
Lowry and Pérez‐Gussinyé (2011), whereas our present study is focused
on the central and eastern United States.

dρ
Figure 7. Determination of dκ
and dκdρm for the central and eastern United
c
States. The color contour map shows the RMS of the ﬁnal residual after
subtracting the sedimentary gravity model, the Moho gravity model, the
crustal Vp/Vs gravity model, and the upper mantle gravity model. The black
contours show the correlation coefﬁcient between the ﬁnal residual and the
modeled gravity anomaly. The minimum correlation coefﬁcient and the
dρ
minimum RMS indicate the derived dκ
and dκdρm .
c

The modeled gravity anomalies from crustal Vp/Vs, the Moho depth, and
the mantle Vp/Vs using these parameters are shown in Figures 8a–8c,
respectively. Figure 8d shows the total modeled gravity from the above
three modeled anomalies combined with the sedimentary basin gravity
model. Figure 9 depicts the observed Bouguer gravity ﬁeld and the
residual after subtracting modeled anomalies shown in Figure 8d from
the observed ﬁeld. The RMS of the residuals is 21.1 mGal (lower than
the observed gravity ﬁeld RMS), and the correlation coefﬁcient between
the total modeled gravity and the residual ﬁeld, which is one of our
criteria in deriving the density parameters (Figure 7), is understandably
lower for the model of the present study (−0.20). The nonzero cross correlation with the ﬁnal residual is an indicator that the ﬁnal residual is partly
correlated with crustal thickness, which implies that some higher density
rocks could exist in the crust. We argue later for the presence of eclogite in
the deepest part of the crust in regions where crust is unusually thick
(>50 km).

The residuals between observed and modeled gravity anomalies suggest
that not all of the density variation is encompassed by the
seismic‐derived parameters, and thus, a further iteration to the density
model is possible. In fact, we show later that this iteration is quite important in reducing/removing aliasing of features by the 70 km spacing of
USArray's TA. One could invert such a residual ﬁeld using equation (1)
to obtain a density correction for the previously modeled crystalline crust.
However, there is no unique way of partitioning the residuals into crustal and mantle variations without
further constraints. The most reasonable approach is to use only the longer‐wavelength portion of the residual gravity ﬁeld to correct mantle density, as that is more likely to be dominated by deeper density variations. We found that wavelengths of the residual gravity ﬁeld shorter than 150 km correspond to many
geologically identiﬁable crustal features in the central and eastern United States.

We justify the ﬁltering approach for the separation of crustal and mantle contributions as follows: Because
the mantle variation, as a result of its greater depth, is unlikely to produce short‐wavelength gravity anomalies, we can examine various thresholds for ﬁltering and discard those which assign variations to the mantle
that are known to be crustal in origin based on geologic or geophysical observations. We found that the residual ﬁeld of wavelength >150 km leaves behind the least contribution that can be ascribed to the known
crustal geologic features, and 150 km is also close to the Nyquist wavelength of the USArray's TA. The only
identiﬁable crustal gravity feature that remains in the >150 km wavelengths of the residual ﬁeld is a
large‐scale feature associated with the eastern part of the Midcontinent rift in Michigan. Thus, we use the
short wavelengths (high pass of 150 km) of the residual ﬁeld in Figure 9b to obtain the bulk density correction term of the crystalline crust. The corrected bulk density is shown in Figure 10.

4. Discussion
EarthScope seismic information affords useful constraints on the density variations responsible for gravity
anomalies (Lowry & Pérez‐Gussinyé, 2011; Ma & Lowry, 2017; Schmandt et al., 2015), but the 70 km spacing
of USArray's TA can alias crustal geologic features. The residual gravity anomaly from seismically constrained models such as ours has reduced nonuniqueness of gravity and hence has short‐wavelength information that can be used to correct for crustal structure missed by seismic imaging.
The steep mantle Vp/Vs‐density relationship of −1,140 kg/m3 shown by the blue line in Figure 2 leads to a
large model anomaly that produces a mirrored large residual anomaly and thus is implausible. A closer
examination of rocks in the regression suggests that the slope is indeed conditioned by deep crustal maﬁcs
(eclogites, garnet gabbro, and hornblendite) and serpentinized olivines that are unlikely to contribute
ZHANG ET AL.
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Figure 8. (a) Modeled gravity effect from crustal Vp/Vs. (b) Modeled gravity effect from Moho topography. (c) Modeled gravity effect from upper mantle Vp/Vs.
(d) The total modeled gravity including contributions from sedimentary basins (Figure 3b), the crustal Vp/Vs, the Moho topography, and the upper mantle Vp/Vs.
Note that (a), (b), and (d) have the same color bar (shown next to panel b).

signiﬁcantly to density variation in cratonic mantle lithosphere. If we exclude those rocks, the
remaining mantle rocks (peridotites and dunites) are relatively few and show poor correlation. Mineral
physics (e.g., Cammarano et al., 2003) suggests both chemistry and temperature contribute to the
relationship of κm to density, with anelasticity effects dominating the relationship. This is consistent with
the very small Vp/Vs‐density parameter that best ﬁts the data (30 kg/m3).
The most important assumptions of our procedure are that relationships of Vp/Vs to density are linear and
that a single density parameter may represent the entire region. In view of the variation of the gravity ﬁeld
residual (Figure 9b), these assumptions cannot be correct. Yet seismic velocity is theoretically as well as
empirically related to density of materials (Birch, 1960, 1961; Christensen & Mooney, 1995), and thus, our
approach is reasonable to a ﬁrst order. This approach also leads to reduction of the RMS of residuals between
the observed and the total modeled gravity anomalies.
This study relies heavily on velocity‐density relationships, and hence, our approach is very different than
computing densities with an assumption of isostatic compensation. The assumption of 100% Airy isostasy
typically used in calculating isostatic gravity anomalies is not justiﬁed for the central and eastern United
States, as large regions of low‐relief topography have signiﬁcant Moho depth variations. Moreover, estimates
of the effective elastic thickness, Te, of the region generally exceed 40 km with some regions reaching typical
ZHANG ET AL.
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Figure 9. Observed Bouguer gravity anomaly (a) and the residual between observed and modeled anomaly (b).

cratonic values in excess of 100 km (Bechtel et al., 1990; Kirby & Swain, 2009). For a Te of 40 km, the isostatic
response is less than 1% of Airy at wavelengths less than 150 km (and would be even smaller for higher Te).
Hence, ﬂexural isostasy is negligible on the scales of interest in this analysis because loads predominantly are
supported by lithospheric stress.
We show an example of geologic aliasing using the gravity anomaly associated with the Bloomﬁeld Pluton,
just north of the bootheel of Missouri (36.75°N, 89.75°W) near the New Madrid seismic zone. None of the
USArray or New Madrid regional network stations are located atop the pluton, and thus, the Vp/Vs variation
associated with the pluton is split into a higher Vp/Vs feature to the northeast and a lower Vp/Vs feature to the
west (Figure 11a). In Figure 11b, after correction using the residual gravity, the “aliased” bilobate feature in
the original Vp/Vs variation is correctly resolved at the location of the Bloomﬁeld Pluton. Ravat et al. (1987)
have studied and modeled this pluton as a multidensity complex structure constrained by gravity and

Figure 10. The corrected average density of the crystalline crust after inversion of <150 km wavelength residual gravity
ﬁeld in Figure 9b to density. The white line shows the proﬁle across the deepest part of the Illinois basin analyzed in
the discussion section.
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3

Figure 11. (a) The crustal Vp/Vs from Figure 3a and (b) the corrected crustal density (kg/m ) from Figure 10. The pluton
location is outlined in blue (Hildenbrand & Hendricks, 1995).

magnetic data gradients. They modeled a bulk density contrast of 100 kg/m3 extending from the top of crystalline basement (2 km) to the base of the upper crust (17 km), with 6 km of additional denser material near
its top in the central part of the pluton. The value we obtain in this study for the crustal average is consistent
with the previously modeled density contrast of the pluton: the roughly 100 kg/m3 density contrast in the
upper 15 km of the crust, when distributed over a 40 km thick crust, is about 40 kg/m3. The density contrast
we obtain in this study after density correction is about 30–50 kg/m3 (2,850–2,870 kg/m3 for the bulk density
of the pluton versus the average of about 2,820 kg/m3 for the surrounding crust; Figure 11b).
It is reasonable to ask where else in the central and eastern United States the effects of aliasing and undersampling of crustal Vp/Vs might produce large discrepancies between the original and ﬁnal crustal compositional anomalies similar to the above example of the Bloomﬁeld Pluton. We illustrate the potential areas
using a moving window estimate of correlation coefﬁcients between the seismically derived crustal Vp/Vs
and the corrected density model (Figure 12). The low and negative correlation coefﬁcients on the map indicate areas where Vp/Vs variation may be aliased signiﬁcantly by USArray sampling, especially where there

Figure 12. Moving window correlation coefﬁcients between the crustal Vp/Vs and our corrected density model on the
PACES gravity observation footprint using a window size of 1° by 1° and window offset of 0.3°. More than 85% of correlation coefﬁcients are statistically signiﬁcant (i.e., level of signiﬁcance, p < 0.05).
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Figure 13. (a) A simpliﬁed diagram of gabbro‐garnet granulite‐eclogite phase changes from Ahrens and Schubert (1975) with
pressure‐ and temperature‐dependent phase transitions overlain by the central and eastern U.S. physical state. (b) A proﬁle
of the Moho depth variation crossing the Illinois basin, shown by the white line in Figure 10. The Moho depth along the
proﬁle is from Yang et al. (2017). The expected rock types according to the phase transitions in part (a) are indicated.

are signiﬁcant gravity anomalies with wavelengths <70 km (e.g., faults and igneous plutons aligned along
rifts or suture zones). The areas of relatively high correlation, on the other hand, suggest that the Vp/Vs variation is capturing the geologic variation observable in the gravity ﬁeld. The map area exhibiting low and
negative correlations is large, but not every low or negative correlation coefﬁcient feature is expected to be
meaningful from the point of view of tectonic interpretation. Some of the Vp/Vs variation also reﬂects
longer‐wavelength crustal variations not obvious in the density variation. However, some of these features
do point to areas where Vp/Vs is undersampled and may lead to misinterpretation. As one example, we point
to the location of the Grenville Front in Ohio, the eastern side of which shows low and negative correlations.
Similarly, parts of the Midcontinent Rift in Kansas are undersampled/aliased as are parts of gravity highs in
Ohio interpreted by Stein et al. (2018) as the eastern continuation of the Midcontinent Rift. Our study does
not provide critical information, such as the ages of maﬁc rocks or the detailed structure of the crust, needed
to answer questions regarding the hypothesis of the rift continuation. In the area of the Fort Wayne Rift,
however, crustal densities (Figure 10) do not form a continuous zone of high density that is ubiquitously
associated with the Midcontinent Rift. Additional higher spatial resolution experiments, including seismic
refraction and reﬂection experiments, are necessary to understand better the crustal structure as it relates
to these issues.
Other features of the density ﬁeld estimates can be useful to interpret phase dynamics of the region. Along a
proﬁle through the thickest crust in the Illinois basin and the Granite‐Rhyolite province (the Line PP′ in
Figure 10), we estimate temperatures to be 510 ± 86 °C at 35 km depth and 622 ± 140 °C at 55 km, based
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on a conductive thermal model combining surface heat ﬂow and mineral physics of Pn seismic velocity (Ma
& Lowry, 2017; Schutt et al., 2018). Corresponding pressures would be 990 and 1,580 MPa, respectively,
assuming 15 km of granitic upper crust (2,750 kg/m3) underlain by gabbro (3,000 kg/m3). We combine this
pressure‐temperature information with the gabbro‐garnet granulite‐eclogite phase diagram from Ahrens
and Schubert (1975) (Figure 13a). The phase relations imply garnet granulite (with a density of 3,200
kg/m3, Ito & Kennedy, 1970) at depths between 35 and 55 km, with possible eclogitic lower crust below
55 km (Figure 13b). This may explain low Pn velocity observed in the New Madrid region of southern
Illinois (Buehler & Shearer, 2017) if the tomographic inversion misinterpreted eclogitic lower crust as the
top of mantle (and it would also imply Moho temperatures are overestimated in that region). Thus, much
of the crust below 35 km may have only about +100 kg/m3 density contrast (from lower crust to mantle).
Moreover, in parts of the Illinois Basin where the Moho is deeper than 55 km, eclogite in the lowermost crust
may result in a density contrast of −100 kg/m3 (i.e., higher density in the lower crust). These low regional
values of density contrasts are likely contributing to the lower‐than‐expected average Moho density contrast
we observe in the central and eastern United States.

5. Conclusions
In this study, we augment an intracrustal density model constructed from joint inversion of seismic receiver
function and gravity by inverting residual gravity anomalies that are aliased by USArray seismic station spacing for smaller‐scale variations in Vp/Vs and density of the crust. We show, using the example of the
Bloomﬁeld Pluton in the midcontinent, that including shorter‐wavelength content of the gravity anomalies
corrects the “aliased” variation in crustal Vp/Vs and centers the density anomaly within the pluton's boundaries. We also show that density variations from sedimentary basin thickness, crustal thickness, crustal Vp/
Vs, and upper mantle Vp/Vs do not explain fully the observed gravity ﬁeld; however, crustal density variation
constrained by seismic information is useful for separating crustal and mantle contributions to gravity.
The low Moho density contrast of 110 kg/m3 determined for the central and eastern United States is lower
than earlier inferences of low Moho density contrast from receiver function models derived from EarthScope
data (e.g., 172 kg/m3 for the eastern United States in Ma & Lowry, 2017), but it can be justiﬁed by lower crustal garnet granulite and eclogite in the deepest part of the crust. In the central and eastern United States, the
lower crustal shear velocity and Vp/Vs are approximately 4.0 km/s (Gaherty et al., 2009) and 1.88 (Ma, 2017),
respectively, which indicates the presence of garnet granulite in the lower crust having densities closer to the
higher end of the range (~3,000–3,215 kg/m3, Christensen, 1996). Our very low average value for a mantle
Vp/Vs‐density relationship (30 kg/m3, which indicates no relationship for all practical purposes) for the central and eastern United States is also consistent with the few available laboratory measurements on unaltered mantle peridotites and pyroxenites, which show only uncorrelated scatter at best.

Appendix A: Minimization of RMS Residual Between Observed and Modeled
Gravity to Determine Moho Density Contrast
We performed correlation tests to assess potential bias error in estimates of the Moho density contrast using
the RMS of the residual gravity. In the central and eastern United States, the correlation coefﬁcient between
the observed gravity and crustal Vp/Vs is 0.11; the observed gravity and the crustal thickness is −0.47, and the
crustal thickness and the crustal Vp/Vs is 0.21. We created a synthetic model with similar correlation properties and a Moho variation with a density contrast of 110 kg/m3, equivalent to our estimate obtained in the
study, except where the crustal thickness variation has a correlation coefﬁcient of 0.48. We then used a range
of Moho density contrasts and computed the RMS between the observed and computed gravity anomalies
and the correlation coefﬁcients. The tests shown in Figure A1 indicate that the minimum value of the
RMS of the gravity residual has low correlation coefﬁcient and it is able to determine the Moho density contrast when the crustal Vp/Vs correlates poorly with the crustal thickness; for example, it results in 105 kg/m3
when the correlation coefﬁcient is 0.21. Alternatively, when crustal Vp/Vs correlates strongly with the crustal
thickness, that would bias estimates of the Moho density contrast.
In the central and eastern United States, the crustal Vp/Vs has a low correlation coefﬁcient with the crustal
thickness of 0.14. Thus, we expect that our estimate of the Moho density contrast is accurate as suggested in
Figure A1e.
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Figure A1. Synthetic test based on the data information from the central and eastern United States. (a) Observed
gravity anomaly. (b) Gravity effect from the crustal Vp/Vs. (c) Gravity effect from the crustal thickness with a density
3
contrast of 110 kg/m . (d) Crustal thickness. (e) The estimated Moho density contrasts from different correlation
coefﬁcients between the crustal Vp/Vs and the crustal thickness using the approach stated in the manuscript.
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